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Electrically  conducting  polymers  have  recently  been  the 
subject  of  much  interest.  In  particular,  their  potential  as 
electrolytes  in  solid-state  batteries  has  gained  the 
attention  of  the  U.S.  Navy.  Current  ion-conducting  polymers 
have  conductivities  which  are  too  low  by  a  factor  of  ten  at 
operational  temperatures.  In  order  to  be  able  to  obtain 
suitable  conductivities  in  these  polymers,  a  thorough 
understanding  of  the  mechanisms  governing  ion  motion  in  them 
must  be  attained. 

The  processes  involved  in  the  ion  conduction  of  one 
particular  polymer,  poly (propylene  oxide)  or  PPO,  were 
studied  in  this  research.  Samples  were  prepared  using  an 
ion  implantation  procedure  developed  as  part  of  the  project 
as  well  as  by  the  traditional  chemical  complexing  technique 
involving  alkali-metal  salt  doping.  The  samples  produced 
were  analyzed  using  both  differential  scanning  calorimetry 
and  audio  frequency  complex  impedance  measurements. 

Results  indicate  that  the  polarity  of  the  salts  has  a 
major  effect  upon  the  activation  volume  and  the  glass 
transition  of  PPO.  As  a  result  of  these  effects,  it  seems 
that  non-polar  anions  may  aid  in  increasing  the  cationic 
transport  number  of  the  polymer.  More  importantly,  the 
first  direct  numerical  evidence  of  a  connection  between  the 


large  scale  segmental  motions  of  the  polymer  chains  and  the 
conductivity  has  been  established. 
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1 .  Introduction 


The  reactor  on  board  the  USS  Baton  Rouge  (SSN  689)  has 
just  scrammed!  The  engineering  watch  quickly  and  effic¬ 
iently  executes  an  emergency  shut  down  of  the  nuclear  power 
plant  and  switches  over  to  the  emergency  power  reserve,  a 
lead  acid  battery  similar  in  many  respects  to  that  found  in 
any  automobile.  As  a  result  of  the  scram,  the  large  and 
sudden  power  requirements  placed  on  the  battery  and  its 
subsequently  high  discharge,  the  meters  in  the  control  room 
are  no  longer  an  accurate  indication  of  the  battery’s 
condition.  A  man,  or  more  likely  many  of  them,  must  be 
physically  lowered  into  each  of  the  126  six-foot  long 
cylindrical  cells  which  comprise  the  ship’s  battery  in  order 
to  measure  the  specific  gravity  and  level  of  the  water  in 
them.  A  time  consuming,  to  say  the  least,  and  potentially 
dangerous  evolution. 

Even  on  a  good  day,  4  of  the  126  cells  designated  as 
pilot  cells  must  be  checked  by  sending  personnel  into  them. 
Moreover,  there  are  the  possibilities  of  acid  leakage  and 
hydrogen  (a  very  explosive  gas)  generation  to  contend  with 
on  a  day-to-day  basis;  not  the  most  welcome  of  circumstances 
in  the  environment  of  a  submarine  underway! 

Then  there  are  the  matters  of  size  and  mass.  Space  and 
weight  are  two  of  the  most  vital  parameters  on  a  sub,  and 


the  126  cells  take  up  a  large  portion  of  both.  Besides, 
there  is  all  of  the  associated  equipment  to  consider,  too:  a 
special  purification  system  to  deionize  the  water  used  in 
the  electrolytic  solution  and  a  bubbler  to  keep  this 
solution  moving  to  mention  but  a  few. 


One  of  America's  most  technologically  advanced  sub¬ 
marines  is  currently  equipped  with  an  emergency  battery 
which  is  little  more  advanced  than  a  Sears  Die  Hard!  What 
the  United  States  Navy  really  needs  is  a  high  energy  density 
(for  low  weight  and  small  size),  easy  care,  non-volatile, 
and  reliable  battery. 

Sounds  impossible?  Perhaps  not!  In  recent  years-  there 
have  been  scattered  reports  of  all-plastic  batteries  meeting 
these  specifications1  .  Unfortunately,  none  have  yet  been 
made  which  are  operational  below  100° C.  The  problem:  the 
lack  of  a  polymeric  electrolyte  2  with  suitable  conductiv¬ 
ities  at  low  temperatures. 

The  research  conducted  for  this  work  has  aimed  at  gain¬ 
ing  an  insight  into  the  mechanisms  of  the  conduction  of  ions 
in  polymers.  It's  direct  goal  has  not  been  to  produce 

1  "Battery  Gets  A  Soft  Cell",  Sunday  Times.  London, 
11-12-83 . 

2  That  portion  of  a  battery  which  completes  the 
circuit  internally  and  accompanies  the  flow  of  current  by 
the  movement  of  ions  towards  the  electrodes  where  they  enter 
into  the  oxidation\reduction  reactions  taking  place  there. 


a  polymeric  electrolyte  suitable  for  use  in  a  battery,  yet 
it  is  a  step  in  that  direction.  These  two  products  are  not 
unrelated,  for  once  an  understanding  of  the  processes  being 
dealt  with  has  been  attained,  then  this  information  can  be 
applied  towards  the  development  of  the  desired  electrolyte. 


Conduction  Theoj 


The  measure  of  a  material’s  ability  to  transport  charge 
is  known  as  its  conductivity.  Generally  speaking,  the 
higher  the  conductivity,  the  more  charge  is  transported  by 
the  substance.  The  normal  metallic  conduction  mechanism  is 
the  movement  of  electrons  within  a  substance.  However, 
many  materials  are  capable  of  effecting  conduction  through 
the  transport  of  ions  introduced  into  them. 

Historically,  ion  conducting  substances  have  been 
liquids.  The  migration  of  the  ions  in  these  has  been  well 
studied.  The  discovery  that  certain  polymers  could  also 
support  sizeable  ionic  conduction  currents  has  provoked  much 
interest  in  the  mechanisms  involved  in  non-liquids. 


2.1  Ion  Conduction.  For  those  materials  which  conduct  ions, 
many  factors  affect  the  degree  and  effectiveness  of  the 
mechanism.  Perhaps  the  most  obvious  and  important  of  these 
is  the  structure,  both  physical  and  chemical,  of  the  host 
substance.  The  material  must  be  able  to  support  the  ions 
within  its  structure  without  restricting  their  motion  nor 
chemically  reacting  with  them.  In  fact,  a  good  ion  conduc¬ 
tor  will  actually  enhance  the  movement  of  the  ions  within 
it . 

The  characteristics  of  the  ions  themselves  are  also 


determining  factors  in  their  migration.  In  particular,  the 
number  in  which  they  are  present  and  their  mobility  within 
the  host  material  have  a  strong  influence  on  the  conductiv¬ 
ity.  The  mobility  of  the  ions,  in  turn,  is  dependent  upon 
such  considerations  as  their  size  and  dipole  moment.  A 
dipole  moment  in  an  ion  is  a  charge  imbalance  due  to 
differing  attractions  for  the  electrons  by  the  constituent 
atoms.  The  result  is  one  end  of  the  ion  being  more  negative 
than  the  other.  Often,  an  ion  with  a  strong  dipole  moment 
will  be  electrically  attracted  to  host  molecules  with  local 
charge  concentrations,  thereby  reducing  its  mobility 
considerably . 

Within  the  host  material,  an  ion  is  drawn  to  its  ener¬ 
getically  most  favorable  location,  i.e.  that  of  the  lowest 
potential  energy.  The  area  surrounding  the  ion’s  location 
may  also  have  energetically  favorable  centers.  However,  a 
certain  energy  "boost"  is  required  to  dissociate  the  ion 
from  its  current  location  and  move  it  to  the  next  site.  The 
amount  of  energy  in  this  "boost"  is  known  as  the  activation 
energy,  Ea ,  of  the  transport  mechanism. 

If  there  is  a  restoring  force  of  some  sort  accompanying 
it,  the  movement  of  an  ion  is  a  resonance.  The  original 
situation  is  reestablished,  or  at  least  attempted  to  be, 
following  a  resonance.  A  free  motion  with  no  force  tending 
to  reestablish  the  previous  positioning  is  known  as  a 


L*J 


relaxation.  After  a  relaxation,  the  new  arrangement  remains 
until  another  boost  is  acquired.  The  conduction  motion  of 
ions  is  best  described  as  a  series  relaxations. 


Position 


Figure  2 . 1 

The  ion’s  location  in  one  dimension  is  along  the 
abscissa  and  the  potential  energy  as  a  function  of 
position  is  the  ordinate.  An  ion  must  possess  at 
least  energy  Ea  in  order  to  move  from  its  current 
position  to  the  adjacent  one. 


Another  parameter  of  significance  in  the  study  of  ion 
conductivity  in  polymers  is  the  activation  volume.  As  with 
the  activation  energy,  the  activation  volume  is  associated 
with  an  ion  moving  from  one  favorable  location  to  another. 
More  specifically,  it  represents  the  amount  of  expansion 
necessary  to  allow  an  ion  to  migrate. 

The  conductivity  of  an  ion  containing  material  is 
typically  attributed  to  both  positively  and  negatively 
charged  species.  In  many  applications,  the  mobility  of  one 
species  and  the  suppression  of  the  other  is  desired.  A 
measure  of  the  percentage  of  the  conduction  current  carried 
by  each  is  known  as  the  transport  number  of  the  ion.  Unlike 
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many  of  -the  other  factors,  the  transport  number  is  diffi¬ 
cult  to  determine  precisely  and  is,  thus,  often  a  subject  of 
debate . 


2.2  Measurement.  The  conductivity,  o',  is  directly  related 
to  the  bulk  resistance,  Rb ,  of  a  material  by  a  simple 


geometric  factor: 


O'-  L/RbA 


where  L  is  the  length  and  A  is  the  cross-sectional  area  of 
the  conduction  path.  This  simple  relationship  makes  the 
conductivity  an  easily  measured  quantity  for  a  sample  of 
known  geometry,  requiring  only  that  the  bulk  resistance  be 
found. 

The  bulk  resistance  is  the  opposition  to  the  flow  of 
electricity  when  the  imaginary  component  of  the  complex 
impedance  goes  to  zero.  Although  it  can  be  measured  in  a 
simple  d.c.  circuit,  a  much  more  accurate  method  which  also 
reveals  information  on  the  ion  transfer  mechanism  has  been 
developed  by  W.  Archer  and  R.  Armstrong3  through  the  use  of 
a.c.  complex  impedance  measurements. 

When  a  sinusoidal  time-dependent  voltage  of  the  form 


e=E  sin(wt) 


3  W.  Archer  &  R.  Armstrong, 


7,  157  (198 


where  w=2irf  is  -the  angular  frequency  is  applied  across  a 
conducting  sample,  a  sinusoidal  current 


i=I  sin(wt+6) 

flows.  Current  also  flows  for  frequencies  w=2w,3w, ...  Here 
is  the  phase  difference  between  the  applied  voltage  and 
the  resulting  current.  By  taking  the  ratio  of  the  two,  a 
vector  quantity,  Z,  the  impedance,  can  defined  such  that  its 
magnitude  is  the  ratio: 


Z=E/I 

and  the  angle  is: 

Projected  onto  a  complex  plane  the  impedance  can  be  ex¬ 
pressed  in  polar  form  with  real  and  imaginary  parts 
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Replacing  the  sample  with  a  pure  resistance  of  magnitude 
R  yields 

Z=R  and  0z =0 . 

Similarly,  a  purely  capacitive  sample  with  capacitance4  C 
gives 

Z=l/wC  and  0z =90° 

Different  combinations  of  resistances  and  capacitances 
will  likewise  lead  to  unique  complex  impedance  graphs.  By 
matching  the  graph  of  the  sample’s  impedance  to  the  appro¬ 
priate  circuit’s,  a  model  for  the  sample  is  obtained.  The 
significance  of  the  various  components  in  the  equivalent 
circuit  can  then  be  interpreted  as  specific  physical 
mechanisms  in  the  conduction  process.  The  point  of  inter¬ 
section  with  the  real  axis  gives  the  value  of  the  bulk 
resistance  for  the  circuit. 

As  an  example,  a  capacitance  and  a  resistance  in  parallel 
produce  an  impedance  plot  in  the  form  of  a  semicircle  (see 
figure  2.3).  If  this  was  the  plot  for  a  sample,  the 
capacitive  portion  would  be  associated  with  the  geometric 

4  Capacitance  is  a  measure  of  the  ability  of  a  material 

to  store  charge  and  is  given  by  C=QV. 


3.  Polymers 


Polymers,  more  commonly  recognized  as  plastics  and 
rubbers,  are  organic  materials  which  are  composed  of  chains 
of  chemical  units,  known  as  monomers.  These  monomers  are 
molecules  in  their  own  right.  Through  the  process  of 
polymerization,  they  react  together  chemically  to  form  the 
polymer  chain.  The  bonding  which  holds  the  monomer  units 
together  is  quite  strong  along  the  chains,  yet  only  a 
relatively  weak  attraction  exists  between  the  individual 
chains.  As  a  result,  these  “ macromolecules "  offer  many 
unique  and  useful  properties  depending  on  the  monomers  they 
are  composed  of  and  the  size  of  the  chains  formed.  Among 
the  favorable  qualities  are  their  ease  of  fabrication  and 
relative  cheapness. 


3.1  Classification.  Polymers  can  be  divided  into  three  major 
classes:  thermosets  (epoxies);  rubbers,  and;  thermoplastics 
(or  simply  plastics).  Thermoplastics  can  further  be 
separated  as  crystalline,  having  a  regular  lattice  struc¬ 
ture,  or  amorphous,  oriented  and  arranged  at  random. 

The  polymers  which  have  been  reported  to  exhibit  some  ion 
conductivity  have  all  been  thermoplastics.  Although  some  of 
them  are  crystalline  under  normal  circumstances,  their  ion 
conductivity  seems  to  restricted  to  their  amorphous  condi- 


\\ 


tion.  Poly ( ethylene  oxide),  PEO,  is  the  best  known  material 
in  this  group. 


(a)  crystalline 
Figure  3.1. 


(b)  amorphous 
Thermoplastic  structure. 


3.2  The  Glass  Transition.  Amorphous  polymers  are,  for  this 
reason,  the  obvious  choice  for  the  study  of  ion  conduction. 
These  materials  are  best  characterized  by  the  glass  transi¬ 
tion  associated  with  the  a  relaxation.  This  transition  is 
the  progression  of  the  polymer  from  a  glass-like  to  a 
rubber-like  state,  and  the  a  relaxation  is  related  to  the 
increasing  motion  of  the  polymer  chains.  This  transfor¬ 
mation  occurs  at  and  is  characterized  by  a  temperature,  Tg  . 
Actually,  the  glass  transition  occurs  over  a  10°  to  40°  C 
range.  This  very  fact  distinguishes  it  from  the  so-called 
first  order  transitions  such  as  melting  and  vaporization 
which  take  place  discontinuously  at  a  specific  temperature. 
T g  is,  therefore,  usually  defined  as  the  onset  temperature, 
although  middle  and  end  temperatures  can  also  be  used,  of 


the  glass  transition  where  the  rate  of  change  of  various 
properties,  such  as  the  coefficient  of  thermal  expansion, 
with  respect  to  temperature  begins  to  vary.  It  may  also  be 
referred  to  the  central  or  end  temperature  of  the  region, 
and  proper  specification  is  thus  required.  The  physical 
properties  of  the  polymer  above  and  below  the  glass  transi¬ 
tion  are  quite  different.  For  instance,  above  Tg  the 
chains,  which  are  effectively  “frozen"  out  in  the  glassy 
material,  are  free  to  rotate  and  translate. 

One  approach  toward  understanding  the  glass  transition  is 
the  free  volume  model.  Free  volume  is  the  "empty  space"  not 
occupied  by  the  actual  polymer  chain.  According  to  this 
model,  when  the  polymer  is  in  the  rubber  region  the  free 
volume  is  quite  large  and  the  chains  are  relatively  free  to 
move  around.  The  amount  of  free  volume  is  directly  related 
to  temperature,  a  lowering  of  which  correspondingly  reduces 
the  open  space.  When  the  free  volume  is  diminished  enough 
that  free  rotation  and  translation  of  the  chains  is  no 
longer  possible,  the  material  enters  the  glass  region. 

D.  Shriver,  B.  Papke  and  M.  Ratner  have  outlined  another 
theory,  proposed  by  Gibbs  and  coworkers,5  describing  the 
behavior  of  amorphous  polymers  under  going  the  glass 
transition  which  is  concerned  with  the  configurational 

5  B.  Papke,  M.  Ratner,  and  D.  Shriver,  J.  Electrochem 

Soc. .  192,  1694  (1982). 


entropy  of  the  material.  The  configurational  entropy  is 
related  to  the  number  of  possible  arrangements  of  the 
polymer  chains.  In  the  rubber  state,  this  entropy  is 
directly  related  to  the  temperature,  decreasing  proportion¬ 
ally  as  Tg  is  approached  from  above.  As  the  glass  transi¬ 
tion  is  completed,  the  configurational  ground  state  is 
reached.  That  is,  the  polymer  is  in  its  most  favorable 
arrangement,  that  of  lowest  energy,  in  which  it  will  remain 
throughout  its  glass  state  regardless  of  temperature.  Once 
the  polymer  is  in  this  ground  state,  no  further  entropy  is 
lost  to  motion  of  the  chains. 

3.3  Poly (propylene  oxide).  The  polymer  studied  in  this 
research  wa3  poly (propylene  oxide),  more  commonly  referred 
to  as  PPO.  It  is  a  highly  amorphous  material  exhibiting  no 
crystallinity .  The  repeating  monomer  unit  is: 

[-CH2 -CHCHa -0-]n . 

The  molecular  weight  of  the  chains  is  on  the  order  of  3000 
grams /mole . 

The  presence  of  the  oxygen  atom  in  the  monomer  offers 
sites  of  higher  electron  affinity  in  the  chains.  That  is  to 
say,  the  electrons  of  the  polymer  are  more  strongly  attrac¬ 
ted  to  the  oxygen  atoms  and,  thus,  tend  to  spend  more  time 


in  their  vicinity.  This  tends  to  create  localized  regions 
of  charge  along  the  chains. 

The  presence  of  these  charged  areas  along  the  PPO  chains 
gives  them  the  ability  to  dissolve  certain  salts.  This  is 
accomplished  by  the  dissociation  of  the  ionically  bound  salt 
molecule  into  its  positive  and  negative  constituents.  With 
this  capacity  to  hold  ions  in  solution,  PPO  becomes  a  very 
good  candidate  for  their  transport. 


4.1a  Sample  Preparation  (Salt-Complexed) .  The  material 
properties  of  polymers  makes  them  rather  well  suited  for  use 
in  the  construction  of  batteries.  These  same  characteris¬ 
tics  also  aided  in  the  fabrication  of  samples  for  use  in 
this  research. 

Parel  elastomer  was  purchased  from  Hercules,  Inc.  in 
block  form.  The  testing  apparatus  to  be  used  required  that 
the  samples  be  thin  enough  (approximately  1mm)  to  fit 
between  the  electrodes  of  the  holder  and  also  to  provide 
good  electrical  contact  with  it.  Moreover,  since  the  host 
material  does  not  contain  any  of  its  own,  the  ions  had  to  be 
introduced,  with  some  degree  of  uniformity,  into  the 
polymer.  The  nature  of  the  material  allowed  both  of  these 
specifications  to  be  met  without  much  difficulty. 

From  the  block  of  PPO  a  number  of  smaller  pieces  (total¬ 
ling  5  to  6  grams)  were  cut.  These  were  then  dissolved  in  a 
jar  of  methanol  and  left  overnight  with  a  magnetic  stirrer 
turning  it  to  form  a  highly  viscous  solution. 

The  choice  of  salts  to  be  used  as  dopants  favored  the  use 
of  lithium  salts.  One  of  the  reasons  for  the  preference  was 
that  the  alkali  metal  salts  dissociate  the  most  easily  and 
completely  due  to  their  low  affinity  for  their  outermost 
electron.  The  lithium  ion  is  the  smallest  of  the  alkali 
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metals,  and  its  mobility  is  thereby  less  constricted  within 
the  polymer.  Another  important  reason  for  the  choice  of 
lithium  salts  is  that  current  electrode  technology  favors 
the  use  of  lithium  due  to  its  high  electronegativity  which 
makes  it  capable  of  producing  a  large  potential  step. 
Unfortunately,  it  also  reacts  violently  with  water,  the 
solvent  of  liquid  electrolytes. 

The  salts  were  also  chosen  on  the  basis  of  their  anion. 
In  particular,  an  effort  was  made  to. include  anions  of 
different  dipole  moments  and  sizes.  Table  4.1  lists  the 
salts  used  to  dope  the  PPO  and  relates  some  information  on 
their  anions. 
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Table  4.1 


Anion  Name 

Formula 

Radius 

Dipole  Moment 

Tr i f late 

CF3SO3 - 

( largest ) 

yes 

Perchlorate 

C104- 

2.45  A 

no 

Thiocyanate 

SCN- 

2.20  K 

yes 

Iodide 

I- 

2.10  A 

no 

The  salt  was  added  to  the  methanol-PPO  solution  in  a 
predetermined  proportion  by  mole  fraction  and  allowed  to 
dissolve  completely  at  room  temperature.  As  all  of  the 
salts  used  were  extremely  hygroscopic,  care  had  to  be  taken 
to  insure  that  no  water  entered  into  the  samples.  For  this 
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reason,  the  salts  were  first  dried  in  a  vacuum  oven  at  75°  C 
for  24  hours.  In  addition,  all  further  preparation  of  the 
samples  took  place  within  a  dry  box  in  flowing  nitrogen  or 
dry  air.  Relative  humidity  within  the  dry  box  was  kept 
below  10%  at  all  times. 

Once  well  mixed,  the  samples  were  poured  into  glass  rings 
onto  teflon  sheets.  As  a  rule,  two  casting  were  done:  the 
first  to  seal  the  ring  to  the  teflon  and  the  second  to 
achieve  the  desired  sample  thickness.  The  molds  were 
allowed  to  dry  at  room  temperature.  The  samples  were  then 
removed  from  the  dry  box  and  dried  further  in  a  vacuum  oven 
at  65°  C  overnight. 

When  the  various  samples  were  examined  after  drying, 
cloudy  and  clear  regions  were  observed  in  some  of  the 
castings.  Upon  closer  scrutiny  it  was  discovered  that  these 
regions  appeared  in  those  samples  where  the  salt  doping 
concentration  was  less  than  one  part  in  eight  [proportions 
varied  from  4:1  up  to  24:1  (PPO: salt)].  It  was  concluded 
that  this  8:1  ratio  was  favored  by  the  complexed  PPO.  It 
was  hypothesized  that  in  the  cloudy  regions  the  salt  had 
migrated  so  that  the  local  doping  was  8:1.  If  this  were  the 
case,  the  rest  of  casting  would  be  pure  PPO.  Since  thorough 
mixing  seemed  to  favor  the  8:1  ratio  of  PPO  to  salt,  the 
rest  of  the  samples  were  prepared  in  this  same  proportion. 

Finally,  a  means  of  maintaining  good  electrical  contact 


between  the  polymer  sample  and  the  contacts  of  the  test 
equipment  was  accomplished  by  evaporating  aluminum  onto  the 
surfaces  of  the  PPO  casts  in  a  vacuum.  One  side  was 
completely  coated  while  the  other  was  masked  so  as  to 
produce  a  number  of  aluminum  circles.  Cutting  these  out 
yielded  the  final  samples  approximately  1mm  thick  and  15mm 
in  diameter. 

4.1b  Sample  Preparation  (Ion  Implanted).  The  method  of 
preparing  the  samples  with  various  salts  introduced  not  only 
the  positively  charged  cations  but  also  the  negatively 
charged  anions  into  the  polymer.  Since  a  good  electrolyte 
conducts  primarily  by  cation  motion,  an  alternate  method  of 
preparing  the  samples  so  that  only  the  positive  ions  are 
introduced  was  sought.  Ion  implantation  offered  a  manner  of 
doping  the  polymer  with  just  one  charged  species. 

Ion  implantation  uses  a  low-energy  ion  accelerator  to 
propel  fast  ions  into  the  near-surface  region  of  the  host 
material.  The  ion  implantation  facility  at  USNA  consists  of 
two  major  components:  a  small  (400  kV)  Van  de  Graaff 
generator  and  an  extended  beamline. 

The  Van  de  Graaff  accelerator  is  the  source  of  the  fast 
ions.  The  Academy  obtained  its  accelerator  as  surplus 
property  from  the  Naval  Surface  Weapons  Center,  White  Oak. 
Slow  ions  are  produced  inside  the  accelerator,  in  a  device 


known  as  an  ion  source;  different  types  of  ion  sources  may 
be  used  to  provide  different  kinds  of  ions.  The  ions  are 
extracted  from  the  source  by  a  specially  shaped  and  biased 
electrode,  and  are  introduced  into  an  evacuated  accelerating 
tube,  where  a  strong  electric  field  produced  by  the  Van  de 
Graaff  generator  focuses  and  accelerates  them  to  a  few 
percent  of  the  speed  of  light  before  they  emerge  from  the 
accelerator  in  the  form  of  a  beam. 

Because  the  ions  emerging  from  the  accelerator  at  any 
time  may  be  of  several  different  types  and  charges  depending 
upon  the  conditions  in  the  ion  source,  it  is  necessary  to 
carefully  select  the  ones  to  be  implanted  into  the  material. 
For  this  purpose,  a  six -inch  momentum  analyzing  magnet  was 
employed.  The  principle  of  magnetic  analysis  is  based  on 
the  fact  that  an  ion  passing  through  a  magnetic  field  will 
be  deflected  by  a  force  that  is  proportional  to  its  speed 
and  the  strength  of  the  field.  As  a  result,  a  singly- 
charged  particle  moving  at  right  angles  to  a  uniform 
magnetic  field  will  follow  a  circular  path  whose  radius  r  is 
given  by 

r  =  pc  /  300  B 

where  pc  is  the  momentum  of  the  particle  in  electron  volts 
(eV),  B  is  the  magnetic  field  strength  in  Gauss  (G),  and  the 
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radius  r  is  expressed  in  centimeters  (cm). 

In  order  to  enter  the  headline  and  eventually  strike  the 
sample,  the  desired  ions  were  made  to  bend  through  an  angle 
of  25o  as  they  passed  through  the  analyzing  magnet.  The 
momentum,  and  therefore  the  energy,  of  such  ions  can  be 
determined  from  the  known  geometry  of  the  magnet  and  the 
measured  magnetic  field.  If  the  field  is  assumed  to  be 
uniform  over  a  rectangular  area  of  length  1,  as  shown  in 
figure  4.1.  the  momentum  of  the  ions  deflected  through  the 
required  25°  angle  can  be  determined  from  the  equation 


pc  =  300  Bl/sin  25° 


If  the  mass  m  of  the  ions  is  also  known,  then  their  kinetic 
energy  Ek  may  be  obtained  from  the  nonrelativistic  expres¬ 
sion 


Ek  -  (pc) 2/2  me2 
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After  leaving  the  analyzing  magnet,  the  ion  beam  enters 
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the  extended  beamline  and  passes  through  two  orthogonal  sets 
of  parallel-plate  scanning  electrodes.  Applying  different 
voltages  to  the  plates  in  each  set  produces  an  electric 
field  between  the  plates;  one  set  of  plates  produces  a 
horizontal  field,  while  the  other  produces  a  vertical  field.: 
These  fields  can  be  used  to  steer  or  sweep  the  ion  beam  in  a 
raster  pattern  (as  in  a  television  tube)  so  that  it  covers 
the  sample  uniformly. 

Finally,  the  beam  enters  the  implantation  chamber  where 
it  strikes  the  polymer  sample.  The  sample  is  supported  by  a 
special  holder,  shown  in  figure  4.2.  This  holder,  which  was 
designed  and  constructed  at  USNA  specifically  for  this 
project,  allows  two  samples  to  be  implanted  without  opening 
the  vacuum  chamber,  and  permits  careful  monitoring  of  the 
dose  delivered  to  each  implanted  sample. 

In  the  sample  holder,  the  polymer  film  (prepared  in  the 
same  manner  as  the  salt  complexed  samples  except  that  no 
salt  was  added  prior  to  drying)  is  held  onto  a  thick  block 
of  aluminum  by  tantalum  frame.  The  raster-scanned  ion  beam 
strikes  the  tantalum  frame  and  polymer  sample;  a  portion  of 
the  beam  also  passes  through  three  carefully  placed  holes  of 
known  diameter  drilled  through  the  frame  and  aluminum  block. 
The  beam  that  passes  through  these  holes  then  strikes  a 
tantalum  backing  sheet  which  is  electrically  insulated  from 
the  aluminum  plate,  and  the  charge  it  deposits  is  collected 
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and  conducted  to  a  device  known  as  a  current  integrator 
(Ortec  model  439).  The  current  integrator  produces  a 
standard  electrical  pulse  for  every  10- io  Coulombs  of  charge 
(or  6.25  x  10*  singly-charged  ions)  collected.  These  pulses 
are  counted  in  a  scaler  (Ortec  482)  to  determine  the  total 
number  of  ions  per  unit  area  passing  through  the  holes.  If 
the  beam  is  uniformly  swept  over  the  sample  and  surrounding 
frame,  then  this  number  is  also  equal  to  the  number  of  ions 
per  unit  area  (or  dose)  implanted  in  the  polymer.  Once  the 
required  dose  is  reached,  a  beam-stopping  shutter  is  lowered 
in  front  of  the  sample. 

The  holes  in  the  sample  holder  also  provide  a  method  of 
insuring  the  entire  sample  area  is  covered  by  the  scanned 
beam.  The  scanning  signal  is  used  to  drive  the  X-Y  inputs  of 
an  oscilloscope,  while  the  output  pulses  of  the  current 
integrator  are  stretched  and  applied  to  the  Z  input  to 
intensify  the  oscilloscope  trace.  The  result  is  a  series  of 
short,  bright  lines  on  the  oscilloscope  screen  whenever  the 
beam  passes  through  one  of  the  holes  in  the  sample  holder 
and  is  collected  by  the  current  integrator.  Since  the  holes 
surround  the  sample  in  a  triangular  pattern,  observing 
images  of  all  three  holes  on  the  oscilloscope  insures  that 
the  beam  is  scanned  over  the  entire  sample. 

A  photograph  of  the  extended  beamline  is  shown  in  figure 
4.3.  This  beamline  was  completely  designed  and  constructed 
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as  part  of  this  project,  using  a  variety  of  existing, 
specially-built,  and  newly  purchased  parts.  The  implan¬ 
tation  chamber  and  nearby  components  are  made  entirely  of 
stainless  steel  and  aluminum. 

The  extended  beamline  and  the  accelerating  tube  inside 
the  Van  de  Graaff  must  be  maintained  under  vacuum  to  prevent 
the  unwanted  collisions  of  the  ion  beam  with  residual  gas 
molecules.  Two  high-vacuum  pumps  (a  cryogenic  pump  near  the 
implantation  chamber  and  a  diffusion  pump  near  the  acceler¬ 
ator)  were  used  for  this  purpose.  Beamline  pressures  were 
kept  at  or  below  2  x  10-6  torr,  except  for  a  short  period 
whenever  the  ion  beam  first  hit  the  new  polymer  sample.  At 
those  times,  the  pressure  rose  briefly  to  around  5  x  10~5 
torr,  apparently  because  the  fast  ions  heated  the  polymer 
and  caused  water  vapor  and  the  more  volatile  components  of 
the  polymer  to  be  released  (or  ’’outgassed'’ )  .  This  hypo¬ 
thesis  was  generally  confirmed  by  the  use  of  a  residual  gas 
analyzer  (Dycor  Electronics  model  M100)  attached  to  the 
beamline  near  the  implantation  chamber.  This  device  uses  a 
radio-frequency  mass  spectrometer  to  measure  the  partial 
pressures  of  the  various  gases  present  in  the  vacuum  system, 
and  it  presents  the  results  as  a  function  of  the  molecular 
mass.  During  the  first  moments  of  ion  beam  bombardment  of  a 
fresh  sample,  the  partial  pressures  of  water  vapor  and  of 
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several  high-mass  molecules  rose  dramatically,  and  then 
dropped  to  nearly  the  original  low  levels.  Although  it 
would  require  careful  study  to  verify  that  the  molecular 
masses  detected  were  actually  those  expected  from  bombard¬ 
ment  of  the  polymers  used,  this  seems  to  be  a  reasonable 
assumption  consistent  with  the  observations. 

Three  implantation  were  performed  using  hydrogen  ions 
either  H+  ions  (protons)  or  H2  +  ions  (singly-charged 
hydrogen  molecules  which  presumably  break  up  immediately 
upon  impact  with  the  polymers ) .  Hydrogen  ions  were  chosen 
in  part  because  of  their  easy  availability  and  convenience 
for  testing  the  system,  and  in  part  because  they  could  be 
used  to  investigate  damage  to  the  polymers  caused  by  the 
implantation.  The  ion  source  used  for  the  hydrogen  implan¬ 
tation  is  of  the  common  radio-frequency  type;  it  consists  of 
a  pyrex  bottle  into  which  hydrogen  gas  is  admitted  by  an 
electrically-controlled  valve  and  ionized  by  the  application 
of  a  strong,  radio- f requency  oscillating  electric  field. 

The  resulting  positive  ions  ( H+  or  H2 ♦ )  are  repelled  from 
the  source  bottle  and  into  the  accelerating  tube  by  applying 
a  positive  potential  to  a  special  electrode.  Hydrogen  ion 
currents  on  the  order  of  tens  of  microamperes  are  routinely 
obtainable.  This  kind  of  source  can  also  be  used  to  produce 
ions  from  other  gaseous  elements  or  compounds,  such  as  He  or 
CO2 ;  success  obtained  during  this  project  with  the  H  ions 


demonstrates  that  further  developments  needed  to  produce  and 
accelerate  these  heavier  ions  should  be  relatively  simple. 

Although  the  radio-frequency  source  is  convenient  for 
producing  many  different  kinds  of  ions,  it  cannot  easily 
produce  large  currents  of  alkali  metal  ions,  such  as  the 
lithium  ions  needed  for  the  remainder  of  this  study.  For 
this  purpose,  a  special  alkali-metal  source  was  purchased 
(Phrasor  Scientific,  Inc.).  This  particular  kind  of  source 
produces  positive  alkali  ions  by  thermal  emission  from  a 
pressed,  alkali -aluminosilicate  compound,  and  currents  on 
the  order  of  tens  of  microamperes  are  claimed  to  be  avail¬ 
able.  These  relatively  high  currents,  together  the  low  cost 
and  modest  power  requirements  of  this  kind  of  source,  seem 
to  make  it  an  attractive  one  for  use  in  small  Van  de  Graaff 
accelerators,  although  it  seems  that  no  one  has  attempted  to 
use  this  way  prior  to  this  project. 

Adapting  the  source  for  use  in  the  accelerator,  although 
apparently  a  straightforward  procedure,  was  more  time 
consuming  than  expected,  and  has  still  not  been  completed. 
Delays  were  experienced  in  machining  and  testing  some  of  the 
needed  adapters,  which  required  vacuum-tight  soldering  of 
several  stainless  steel  pieces  (an  often  difficult  task)  and 
in  constructing  special  electronic  circuits  to  monitor  the 
operation  of  the  source  while  it  is  in  the  accelerator  and 
at  a  voltage  of  about  250,000  volts  with  respect  to  ground. 


When  it  became  apparent  that  the  lithium  source  develop¬ 


ment  would  not  be  completed  as  soon  as  expected,  it  was 
decided  to  use  the  lithium  source  without  the  Van  de  Graaff 
to  implant  very-low-energy  ions  into  at  least  one  polymer 
sample.  The  lithium  source  and  a  polymer  sample  mounted  in 
a  very  simple  holder  were  placed  in  a  vacuum  of  about  1  x 
10-6  torr,  facing  one  another  and  separated  by  about  20  cm. 
The  lithium  source  was  operated  just  as  it  would  be  in  the 
Van  de  Graaff  accelerator,  but  a  small  d.c.  power  supply  was 
used  to  provide  an  accelerating  voltage  of  about  800  volts. 

A  beam  current  of  about  ten  microamperes  was  obtained,  and 
the  lithium  ions  were  implanted  into  the  sample  without 
focusing  or  scanning. 

The  conditions  of  the  various  implantation  are  summarized 
below. 

Table  4.2 


Projectile 

1  Energy 
j  (keV) 

|  Velocity 
(km/sec) 

Dose 

( 101  5 /cm2 ) 

I  Mean  Depth6 
( micrometers ) 

H2  + 

1  188 

2.5 

1  2.0 

H+ 

|  181 

!  5900  j 

5  ! 

|  3.2 

H+ 

230 

5 

3.7 

Li  + 

0.8 

150  : 

5  ! 

<  0. 1  7 

6  Depths  from  L.C.  Northcliffe  and  R. E. Schilling, 
Nuclear  Data  Tables.  A7,  233  (1970). 

7  This  is  a  rough  estimate  as  tables  for  energies  thi 
low  were  not  available. 


4.2  Differential  Scanning  Calorimetry.  Differential 
scanning  calorimetry,  DSC,  is  type  of  thermal  analysis 
measuring  of  changes  in  a  physical  property  as  a  function  of 
temperature.  In  a  thermal  analysis  system  a  sample  is 
placed  in  a  carefully  temperature  regulated  environment. 

The  changes  in  the  physical  properties  are  detected  by  an 
appropriate  transducer,  amplified,  and  recorded  on  some  sort 
of  output  device,  usually  an  X-Y  recorder.  Different 
analysis  techniques  employ  transducers  specifically  suited 
for  the  measurements  being  made.  The  rest  of  this  so-called 
"generic"  system  is  common  to  all  forms  of  thermal  analysis. 
A  schematic  of  the  generic  system  is  shown  in  figure  4.5 


Figure  4.5  A  modern  thermal  analysis  system  (Paul 
F.Levy  in  "Thermal  Analysis:  An  Overview", 
American  Laboratory.  January  1970) 


In  DSC  the  physical  parameter  measured  is  the  amount  of 
heat  transferred  into  a  sample.  The  transducer  used  is  a 
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thermocouple  connected  between  the  sample  and  a  reference 
pan.  In  order  to  maintain  a  well  controlled  heat  path  to 
the  sample  and  reference  and  to  provide  an  external  connec¬ 
tion  from  the  sensor  to  the  sample,  both  are  placed  on  a 
thermoelectric  disk  of  carefully  designed  dimension  and 
configuration.  A  thermocouple  between  the  sample  and 
reference  is  realized  by  attaching  two  wires  (electrically 
complimentary  to  the  disk  material)  to  them.  Because  the 
thermal  resistances  to  both  are  constant,  any  differential 
in  temperature  is  directly  proportional  to  the  differential 
heat  flow.  A  third  wire  is  also  connected  to  the  sample  to 
provide  a  signal  proportional  to  its  temperature.  By 
plotting  the  differential  heat  flow  response  versus  the 
temperature  signal  from  the  sample,  the  X-Y  recorder 
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Figure  4.6  A  DSC  cell  cross  section  (Paul  Levy  in 
"Thermal  Analysis:  An  Overview”,  American  Laboratory. 

January  1970) 


produces  an  output  curve,  the  area  under  which  is  directly 


proportional  to  the  amount  of  heat  transferred  into  or  out 
of  the  sample. 


Of  particular  importance  on  the  DSC  plot  is  the  glass 
transition.  It  is  marked  by  a  characteristic  endotherm 
rather  than  the  endo/exotherm  "dip"  associated  with  melting. 


Figure  4.7  "haracteristic  thermograms  (Paul  Levy  in 
"Thermal  Analysis:  An  Overview",  American  Laboratory. 

January  1970) 


The  instrument  used  in  this  research  was  the  DuPont  910 
DSC  cell  used  in  conjunction  with  the  Dupont  990  Thermal 
Analyzer.  Values  for  the  onset,  middle,  and  end  glass 
transition  temperatures  were  taken  for  all  of  the  samples. 


4.3  Complex  Impedance  Measurements.  The  benefits  of  complex 
impedance  analysis  are  only  available  to  the  extent  that 
precise  impedances  can  be  measured.  A  fully  automated  CGA- 
82  microprocessor-controlled  impedance  bridge  provided  the 


The  principle  of  operation  of  the  complex  impedance 
bridge  is  very  similar  to  that  of  the  more  familiar  Wheat¬ 
stone  bridge  except  that  impedances  are  substituted  for  the 
simple  resistances  and  the  supply  voltage  is  varied  along 
with  a  resistor.  A  sample  of  unknown  resistance,  Ra ,  and 
capacitance,  Ca ,  is  placed  across  a  known  voltage,  Vi . 
Balanced  against  this  is  a  constant  capacitance,  Ck ,  and  a 
variable  yet  known  resistance,  R,  and  voltage,  V2  ,  (varied 
through  a  transformer ) .  When  the  current  through  the 
detector  is  zero: 

ia  =i 

For  this  to  hold: 

Vl  =ia  Ra  —  ia  /  (  wCa  ) 

V2=iR=i/(wCk  ) 


Combining  these  yields  the  following  equations  for  the 
capacitance  and  the  conductance,  Gs  =1/Ra ,  of  the  sample: 

Ca  =Vi  Ck  /V2 
and 

G=RVi  /V2 


The  bridge  used  found  the  values  for  Ca  and  Ga /w  for 
seventeen  frequencies  from  10  Hz  to  100  kHz.  The  figures 
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were  recorded  simultaneously  on  an  Apple-lie  computer  which 
provided  the  microprocessor  control. 

The  samples  were  tested  over  a  range  of  both  temperatures 
and  pressures.  The  apparatus  used  for  both  was  the  same  and 
consisted  of  a  high  pressure  bomb  containing  the  samples 
immersed  in  a  temperature  bath.  Within  the  pressure  bomb 
two  separate  samples  were  analyzed  by  the  complex  impedance 
bridge  over  the  full  range  of  frequencies.  Each  was  held  by 
spring  loaded  electrodes  from  which  leads  to  the  bridge  were 
attached . 


A  simplified  diagram  of  the  impedance  bridge  is  shown  in 
figure  4.8. 
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Figure  4.8  Schematic  of  a  complex  impedance  bridge 
(G.C.  Kolodzie jczak  in  Radiation  Induced  Dielectric 


Report  to  the  Trident  Scholar  Committee.  Annapolis,  MD 
U.S.  Naval  Academy,  1978) 
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The  pressure  in  the  bomb  was  maintained  by  hydraulic 
fluid.  Two  different  high  pressure  liquids,  Spinesstic  22 
(Exxon)  and  Fluorinert  FC-77  electronic  liquid  ( 3M  Co.), 
were  used  in  order  to  detect  any  possible  reaction  of  the 
samples  with  the  fluid.  The  polymers  were  brought  to  the 
desired  pressure  by  a  low  pressure  hydraulic  pump  operating 
through  an  intensifier  and  a  high  pressure  hydraulic  pump 
connected  above  the  intensifier  when  necessary.  The  pumping 
was  the  only  task  in  the  experiment  that  had  to  be  done 
manually  once  the  apparatus  had  been  set  up.  The  pressure 
was  applied  directly  to  the  samples. 

The  temperature  of  the  bomb  was  maintained  by  a  large 
temperature  bath  of  oil.  A  thermostat  controlled  a  series 
of  heater  coils,  turning  them  off  and  on  as  necessary  in 
order  to  keep  the  temperature  to  within  a  tenth  of  a  degree 
(Celsius)  of  the  set  value.  Stirrers  ensured  that  the  heat 
was  distributed  through  the  oil  uniformly. 

Complex  impedance  measurements  were  taken  in  two  types  of 
runs:  isothermal  and  isobaric.  When  conducting  the  isobaric 
runs,  varying  the  temperature  at  a  constant  pressure,  thirty 
minutes  were  necessary  to  allow  for  the  changes  in  the 
temperature  to  be  realized  within  at  the  sample.  This  was 
the  result  of  the  indirect  heating  method  used  as  the 
temperature  first  had  to  be  obtained  in  the  bath  fluid  and 
then  transmitted  through  the  thick  walls  of  the  pressure 


bomb.  In  the  isothermal  runs  the  temperature  was  maintained 
constant  as  the  pressure  was  varied.  An  equilibration  time 
of  twelve  minutes  was  sufficient  to  allow  any  temperature 
fluctuations  due  to  the  pressure  changes  within  the  pressure 
bomb/sample  holder  to  dampen  out  since  the  temperature  of 
the  bath  and  bomb  did  not  vary  significantly  and  the 
pressure  was  applied  directly. 


Pressure 


Figure  4.9  Apparatus  for  complex  impedance 
measurements 


5 . 1  Differential  Scanning  Calorimetry •  DSC  measurements 
were  carried  out  on  pure  PPO  as  well  as  that  complexed  with 
the  four  lithium  salts.  Each  of  the  five  samples  exhibited 
only  a  glass  transition.  Since  no  dips  in  the  thermograms 
characteristic  of  crystalline  melting  were  observed,  this 
indicates  that  all  were  completely  amorphous  in  nature. 
Values  for  the  onset,  middle,  and  end  temperatures  are 
given  in  table  I.  It  is  obvious  that  the  introduction  of 
the  salts  into  the  polymer  shifts  the  temperature  of  the 
glass  transition  upwards  by  a  significant  amount. 

Quenching,  heating  followed  by  a  rapid  cooling,  was  tried 
with  the  samples.  The  thermogram  in  figure  5.1  shows  its 
effects  upon  the  glass  transition.  As  the  transition 
becomes  sharper,  the  onset  and  end  temperatures  shift.  The 
middle  temperature,  however,  remains  constant,  indicating  it 
is  the  most  accurate  measure  of  Tg . 

5.2  Complex  Impedance.  The  data  obtained  from  the  complex 
impedance  bridge  gave  the  conductance  and  the  capacitance  of 
a  sample  over  a  range  of  seventeen  frequencies  at  set 
pressure  and  temperature.  The  bulk  resistance  of  the  sample 
was  determined  by  complex  impedance  analysis  as  described 


Figure  5.1  Thermograms  of  salt-complexed  PPO 


A  typical  complex  impedance  plot  is  shown  in  figure  5.2. 


Two  distinct  segments  can  be  seen:  a  semicircle  and  a 
straight  line.  The  straight  line  is  characteristic  of  a 
capacitance  in  series  with  a  resistance,  and  the  semicircle 
is  indicative  of  a  parallel  combination  of  a  resistance  and 
a  capacitance.  It  should  be  noted  that  the  series  capaci¬ 
tance  dominates  at  the  low  frequencies  while  the  high 
frequencies  are  governed  by  the  parallel  capacitance.  All 
of  the  samples  utilized  exhibited  similar  behavior.  The 
equivalent  circuit  for  the  samples  is  thus 


The  components  of  the  equivalent  circuit  represent  real 
effects  within  the  material.  The  resistance  is  the  bulk 
resistance,  Rb  ,  of  the  sample.  The  capacitance  in  parallel 
with  the  it  is  the  geometric  capacitance  of  the  polymer,  Cg , 
which  is  due  to  its  presence  as  a  dielectric  between  the  two 
contacts.  The  series  capacitance  is  known  as  the  double 
layer  capacitance,  Cdi  .  It  is  caused  by  the  buildup  of  ions 
along  the  electrode-sample  interface.  Notice  that  this  is 
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consistent  with  its  dominance  at  low  frequencies  as  higher 
frequencies  prevent  this  buildup  by  reversing  the  polarity 
of  the  electric  field  before  they  can  accumulate. 

There  is,  obviously,  a  degree  of  deviation  in  the 
impedance  plots  of  the  samples  from  that  of  the  idealized 
equivalent  circuit.  Archer  and  Armstrong  address  a  number 
of  possible  causes  for  such  differences  in  their  presen¬ 
tation  of  complex  impedance  analysis.®  The  theoretical 
model  used  in  the  development  of  the  technique  is  based  on 
ideal  electrodes  in  contact  with  a  perfect  material  of  high 
ionic  conductivity.  Thus,  the  deviations  arise  from 
physical  variations  from  this  model. 

Perfect  electrodes  assume  complete  contact  with  the  die¬ 
lectric  material.  The  surfaces  of  the  polymers  were  not 
ideal.  The  roughness  of  the  contact  area  results  in  the 
slope  apparent  in  the  straight  line  portion  of  the  impedance 
plots  of  the  polymers. 

The  circular  segment  of  the  plots  is  also  distorted.  In 
particular,  it  is  flattened,  pushing  the  intersection  of  the 
circle  and  the  line  segments  upwards.  This  flattening  is 
due  to  the  conduction  of  ions  in  directions  other  than 
perpendicular  to  electrodes.  This  may  be  caused  by  a  number 
of  factors  including  the  physical  blocking  of  the  direct 

8  W.I.  Archer  &  R.D.  Armstrong,  Electrochemistry.  7 

(1980)  198. 


conduction  path  by  the  polymer  chains  of  the  host  material. 
The  end  result  of  these  deviations  is  the  complication  of 


the  extraction  of  the  bulk  resistance  from  the  plots.  The 
fitting  of  the  depressed  arc  observed  for  the  high  frequency 
branch  using  a  Cole-Cole  distribution9 : 

Z*  =  Zo  /  [  1  +  (  i  wtT)  i  -  a  ] 

where  Zo ,  x.  ,  and  a  are  constant  fitting  parameters,  results 
in  values  for  the  bulk  resistance  of  the  samples.  As  the 
temperature  of  measurement  was  increased  less  of  the 
semicircle  was  apparent  on  the  impedance  plots  and  a 
combination  of  the  depressed  arc  and  the  slanted  vertical 
line  was  utilized  to  obtain  the  bulk  resistances. 

The  amount  of  data  taken  by  the  complex  impedance  bridge 
was  substantial,  and  the  computer  thus  became  an  essential 
factor  in  its  reduction.  The  results  of  the  complex 
impedance  measurements  were  originally  stored  on  standard 
floppy  disks  as  they  were  taken  on  an  Apple-lie  computer. 
After  a  run  was  completed,  the  data  was  transferred  to  the 
Naval  Academy  Time  Sharing  System,  NATS.  Once  on  NATS,  the 
data  was  subsequently  reduced  by  a  series  of  programs  to 
obtain  values  for  the  conductivity  as  functions  of  tempera¬ 
ture  or  pressure. 

9  M.  Armand,  Solid  State  Ionics.  9  &  10,  745  (1983). 
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5.3a  Analysis:  Conductivity .  The  base  ten  logarithms  of  the 
conductivities  obtained  from  the  isobaric  runs  were  plotted 
versus  inverse  temperature  as  shown  in  figure  5.4.  There  is 
an  obvious  curvature  apparent  in  the  plots  which  is  often 
observed  for  amorphous  materials.  In  ionically  conducting 
viscous  liquids,  such  behavior  is  generally  governed  by  the 
VTF  equation*0: 

CT=  A’  exp{-[Ea  /k(T-To  )  ]  } 

where  Ea  is  the  activation  energy.  This  was,  therefore,  the 
first  fit  of  the  data  attempted.  Polymers,  however,  seem  to 
better  fit  the  VTF  equation  in  the  form: 

C r=  AT-*/2exp{-[Ea/k(T-To  )]> 

A  nonlinear  least  squares  fit  was  utilized  to  fit  both  forms 
of  the  VTF  equation  which  yielded  the  results  presented  in 
table  II  for  the  best-fit  parameters  A’ ,  Ea ,  and  To  and  A, 
Ea  ,  and  To  . 

The  conductivities  from  the  isothermal  runs  were  also 
plotted,  logi  versus  pressure  (see  figure  5.5).  The 
equation  used  to  fit  the  resulting  curves  was: 


i°  H.  Vogel,  Phvsik  Z. ,  22,  645  (1921);  V.G.  Tammon  & 
Z.  Anorg.  Allg.  Chem. .  156,  245  (1926);  G.S. 

.  Am.  Ceram  Soc. .  8,  339  (1925). 
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logioo  =  logiOCTo  +  aP  +bP2 


Table  III  lists  the  best-fit  parameters  obtained.  These 
plots  were  used  to  find  0.1  and  0.2  GPa  (these  are  the 
pressures  used  on  two  isobaric  runs)  values  of  conductivity 
for  comparison  with  the  isobaric  runs. 


5.3b  Analysis:  Activation  Volume.  Since  the  activation 
volume  is  related  to  the  pressure  of  the  sample,  the 
isothermal  runs  were  further  utilized  to  find  the  activation 
volumes  for  the  salt  complexed  polymer  samples.  They  were 
computed  using  the  relationship: 

V*  =  -kT  dlna/dP 


The  results  are  listed  in  table  III  alongside  the  fitting 
parameters . 


5.3c  Analysis:  Electrical  Relaxation.  The  effects  of 
pressure  and  temperature  upon  the  a  relaxation  associated 
with  the  glass  transition  were  also  examined  in  pure  PPO. 
Plotting  the  conductance  per  frequency  versus  the  natural 
logarithm  of  frequency  obtained  from  complex  impedance 
analysis  in  vacuum,  definite  peaks  are  apparent  (see  figure 
5.6).  The  peaks  indicate  the  frequency  of  the  a  relaxation, 


and  were  positioned  by  fitting  the  imaginary  part  of  the 


Havriliak-Nagami  function1 1  : 


C*  =  D[1  +  (iw'ta1-*-]-'® 


to  the  data  yielding  values  for  the  parameters  D,  /9 ,  r0,  and 


Plots  of  the  base  ten  log  of  these  peak  frequencies 
versus  pressure  and  inverse  temperature  are  shown  in  figures 
5.7  and  5.8.  They  show  obvious  curvature  similar  to  that 
exhibited  by  the  conductivity  plots.  For  this  reason  they 
were  fit  by  analogous  equations: 


=  AT~ 1  /2exp-[Ea /k(T-To  ) ] 


for  the  isobar ic  data  and: 


logio'E  =  logio^o  +  aP  +  bP2 


for  the  isothermal  data.  The  zero  pressure  activation 
volumes  were  also  computed  from: 


V*  =  -kT  dlnVdP 


11  S.  Havriliak  and  S.  Nagami, 
C14,  99  (1966). 
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The  resulting  values  for  the  fitting  parameters  are  dis¬ 
played  along  with  the  appropriate  conductivity  results. 
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5.3d  Analysis:  Ion-implantation.  The  samples  which  were  ion 
implanted  were  measured  in  the  same  apparatus  as  the 
chemically  complexed  samples.  Because  of  time  constraints, 
only  one  vacuum  run  was  made  for  each  implanted  sample. 

These  preliminary  results  produced  two  important  results. 
First,  the  conductivity  of  the  hydrogen-implanted  samples 
showed  no  substantial  increase  in  conductivity.  The  very- 
low-energy  lithium-implanted  sample,  on  the  other  hand, 
increased  the  conductivity  of  the  PPO  considerably. 
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There  are  a  number  of  interesting  yet  obvious  trends 
evident  in  the  results  of  this  research.  The  DSC  results 
indicate  the  first  of  these  trends,  namely  the  shifting  of 
the  glass  transition  with  the  addition  of  salts  into  the 
polymer.  Each  of  the  four  lithium  salts  added  produced  this 
effect.  Notice,  however,  that  while  the  shifted  Tg ’ s 
(middle)  for  the  triflate  and  thiocyanate  complexed  samples 
differed  by  a  significant  amount,  that  of  the  perchlorate 
and  iodide  doped  polymers  are  very  similar.  Moreover,  this 
common  value  is  the  highest  glass  transition  temperature 
present,  indicating  that  it  may  be  a  limiting  value  for  the 
transition  temperature.  It  is  also  interesting  to  note  that 
this  shift  results  from  the  addition  of  the  non-dipolar 
anions.  This  may  result  from  the  presence  of  anions  with 
negligible  interactions  with  polymer  chains,  and  which  by 
their  presence,  inhibit  the  motion  characteristic  of  the 
chains  in  the  rubber  state. 

For  the  PPO  complexed  with  lithium  triflate,  there  is  an 
observed  increase  of  To  with  pressure  of  about  10  K/kbar. 
Although  this  value  is  smaller  than  the  17  K/kbar  change  in 
Tg  for  the  a  relaxation  in  pure  PPO,  it  appears  to  be 
somehow  related.  This  pressure  dependence  of  To  is  not 
observed  for  the  samples  prepared  with  the  iodide  and 
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perchlorate  lithium  salts.  However,  if  Tg  also  does  not 
exhibit  a  pressure  dependence  for  these  same  materials,  then 
a  connection  between  To  and  Tg  may  still  be  argued.  The 
strong  shift  of  Tg  by  these  substances  may  be  evidence  for  a 
maximized  shift  of  Tg  which  no  further  changes  in  pressure 
will  alter. 

It  is  also  important  to  recognize  the  shifts  in  the 
activation  energy  with  pressure  for  the  complexed  samples. 
Since  it  has  be  shown  by  Angell  et  al.i2  that  all  of  the 
pressure  dependence  in  liquids  can  be  associated  with  the 
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pressure  dependence  of  To ,  this  indicates  that  these  ion 
conducting  polymers  cannot  be  modeled  as  viscous  liquids. 


Examining  the  activation  volumes  for  the  various  samples 
is  initially  misleading  if  only  the  ion  size  is  considered. 
In  particular,  the  activation  volumes  increase  from  triflate 
to  perchlorate  to  iodide  while  the  anion  size  decreases  in 
the  same  order.  Therefore  there  can  be  no  direct  corre¬ 
lation  between  ion  size  and  activation  volume. 

There  is,  however,  a  correlation  between  the  activation 
volume  and  temperature  relative  to  To .  This  can  be  seen 
quite  plainly  in  a  plot  of  V*  versus  the  reduced  temper¬ 
ature,  T-To ,  as  shown  in  figure  6.1.  As  the  graph  clearly 
indicates,  the  activation  volumes  for  all  the  samples  are 


12  C.A.  Angell,  L.J.  Pollard,  and  W.  Strauss,  J . 
;ion  Chemistry.  1,  517  (1972). 
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nearly  equivalent  for  the  same  displacement  from  To .  This 
simply  means  that  the  variations  in  activation  volumes 
result  from  variations  in  To . 

Although  a  relationship  between  To  and  V*  is  obvious, 
the  causal  relationship  between  the  two  parameters  is  not  as 
clear.  One  possible  explanation  is  that  both  are  intimately 
linked  to  the  cationic  transport  number.  This  number  is 
expected  to  be  the  greatest  for  the  salts  with  dipolar 
anions,  thiocyanate  and  triflate.  Since  these  anions  may  be 
electrically  attracted  to  and,  thus  interact  with  the 
polymer  chains,  fewer  would  be  capable  of  moving  freely 
within  the  material  and  a  larger  portion  of  the  ionic 
current  would  be  carried  by  the  cations.  Furthermore,  by 
interacting  with  the  polymer  chains,  these  polar  anions 
cause  the  dissociation  of  the  salts  thereby  freeing  up  more 
lithium  cations.  The  end  result:  a  higher  cationic  conduc¬ 
tion  current. 

A  comparison  of  the  results  of  fitting  the  theoretical 
expressions  to  the  a  relaxation  data  with  that  obtained  from 
conductivity  measurements  reveals  a  good  degree  of  agree¬ 
ment.  The  vacuum  values  of  Ea  from  the  conductivities  is 
very  close  to  that  obtained  from  the  a  relaxation  of  pure 
PPO  (with  the  exception  of  PPOs : LiSCNi 3 )x 4 .  It  is  also 

13  The  data  from  the  thiocyanate  doped  polymer  is 
suspected  to  contain  water  contamination. 
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apparent  that  To  is  about  50°  below  Tg  for  both  the  pure  and 
the  complexed  samples.  Finally,  the  activation  volumes 
computed  from  the  relaxation  data  are  similar  to  those  from 
the  conductivity  to  within  the  normal  spread  of  data.  These 
correlations  offer  the  first  direct  numerical  evidence  of  a 
relationship  between  the  mechanism  involved  in  the  a 
relaxation  and  that  in  the  conductivity  of  the  polymers 
tested. 

The  relationship  between  the  activation  volume  and  To  as 
well  as  between  the  glass  transition  and  To  tend  to  support 
the  configurational  entropy  model  of  ion  conduction.  In 
this  model,  To  is  interpreted  as  the  temperature  of  minimum 
configurational  entropy.  The  fact  that  it  seems  to  control 
the  activation  volume  necessary  for  ion  conduction  estab¬ 
lishes  its  importance  in  this  respect,  while  its  correlation 
with  Tg  maintains  its  connection  with  the  large-scale 
segmental  motions  characteristic  with  the  glass-rubber 
transition . 

The  link  between  chain  mobility  and  ionic  currents  was 
first  proposed  by  Barker  for  PEO1 5  ten  years  ago.  The  fact 
that  these  segmental  motions  may  also  control  the  degree  of 
dissociation  of  the  added  salts  could  mean  that  they  are 


1 4  From  the  results  obtained  it  seems  possible  that 
the  LiSCN  may  have  been  water  contaminated. 
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linked  only  to  the  conductivity  rather  than  the  conduction 
mechanism  per  se.  Further  studies  of  ion  implanted  samples 
would  help  to  clarify  the  role  of  these  segmental  motions  in 
the  conduction  of  ions  as  no  dissociation  of  anions  from 
cations  is  required  in  these  doped  materials.  The  develop¬ 
ment  of  a  reasonable  technique  for  cation  implantation  into 
polymer  samples  and  the  indication  that  direct  cation 
implantation  may  alter  the  conductivity  of  the  polymers 
accomplished  in  this  research  makes  this  a  rather  promising 
proposition  for  future  study. 

The  research  conducted  for  this  study  seems  to  indicate 
that  an  understanding  of  the  mechanisms  involved  in  ion 
conduction  in  polymers  is  approaching.  At  the  present  time, 
the  role  of  a  solid  electrolyte  seems  best  filled  by 
amorphous  polymers  doped  with  lithium-salts  containing  polar 
anions . 
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Table  I  DSC  results  and  best  fit  WLF  parameters. 


log  ..ad  )  (a-cm) 

T  (K)  C  C  (K)  8  RMS 

g  [log  (T  )(s  )]  Deviation 

10  p  g 


Electrical  Relaxation  (a) 


Uncomplexed 

Onset 

208 

12.6 

35.3 

[0.089] 

0.0038 

PPO 

Central 

21 1 

1 1  .6 

38.3 

[1 .076] 

0.0038 

End 

215 

10.5 

42.3 

[2.174] 

0.0038 

Electrical  Conductivity 

PP0„LiCF^S0- 
o  3  3 

Onset3 

238 

18.7 

22.0 

-21.0 

0.0146 

Central 

248 

12.9 

32.0 

-15.2 

0.0146 

End 

258 

9.8 

42.0 

-12.1 

0.0146 

PPOgLiClO^ 

Onset3 

263 

14.8 

26.4 

-16.2 

0.01 1  1 

Central 

281 

8.8 

44.4 

-10.2 

0.0111 

End 

299 

6.2 

62.4 

-7.7 

0.01 1 1 

PPOgLil 

Onset 

268 

18.9 

21  .9 

-19.7 

0.0233 

Central 

283 

1 1  .2 

36.9 

-12.0 

0.0233 

End 

298 

7.96 

51  .9 

-8.76 

0.0233 

PPOgLiSCN 

Onset3 

245 

15.2 

39.9 

-16.1 

0.0087 

Central 

266 

9.94 

60.9 

-10.9 

0.0087 

End 

285 

7.58 

79.9 

-8.53 

0.0087 

Table  II  Best  fit  VTF  parameters. 


RMS 

Deviation 


E  (eV) 

- 1  3 
(fl-cm)  VK 


iogiQA 


T  (K) 
o 


RMS 

Deviation 


[s_1VK] 


log10A’ 
(Q-cm)  1 
[3_1] 


E'  (eV) 
a 


T'(K) 

o 


Uncomplexed  PPO,  electrical  relaxation  (a) 


Vacuum 

0.0038 

[13.95] 

0.089 

172.5 

0.0038 

[12.68] 

0.088 

172.7 

PPOgLiCF3 

SO^,  electrical  conductivity 

Vacuum3 

0.0143 

-0.94 

0.086 

214.0 

0.0146 

-2.34 

0.082 

216.0 

0.1  GPa3 

0.0054 

-1  .02 

0.098 

216.2 

0.0055 

-2.42 

0.093 

217.9 

0.1  GPa° 

0.0145 

-1  .06 

0.086 

226.2 

0.0148 

-2.45 

0.082 

227.6 

0.2  GPa3 

0.0142 

-0.73 

0.104 

232.9 

0.0143 

-2.11 

0.101 

233.9 

0.2  GPab 

0.0242 

-1  .03 

0.092 

233.6 

0.0244 

-2.41 

0.089 

234.6 

PPOgLiCLO 

^ ,  electrical  conductivity 

/ 

Vacuum3 

0.0110 

-0.04 

0.082 

234  .9 

0.011 1 

-1  .44 

0.077 

236.6 

0.1  GPa 

0.0170 

>1.11 

0.094 

236.4 

0.0172 

-0.26 

0.091 

237.4 

0.1  GPa° 

0.0435 

+0.44 

0.112 

230.3 

0.0436 

-0.94 

0.108 

231.3 

0.2  GPa 

0.0196 

+  1  .03 

0.103 

242.6 

0.0197 

-0.34 

0.100 

243.: 

0.2  GPa° 

0.0692 

+0.63 

0.128 

234.2 

0.0692 

-0.75 

0.125 

234.9 

PPOgLil, 

electrical 

conductivity 

Vacuum 

0.0226 

+0.56 

0.085 

245.3 

0.0233 

-0.80 

0.082 

246.1 

0.1  GPa 

0.0113 

+0.97 

0.114 

240.3 

0.0113 

-0.40 

0.111 

241  .0 

0.1  GPa° 

0.0304 

+0.75 

0.104 

244.4 

0.0303 

-0.62 

0.101 

245.1 

0.2  GPa 

0.0181 

+0.72 

0.127 

241  .1 

0.0182 

-0.66 

0.124 

241  .8 

0.2  GPa° 

0.0822 

+  1  .02 

0.126 

244.2 

0.0820 

-0.35 

0.123 

244.8 

PPOgLiSCN 

,  electrical  conductivity 

Vacuum3 

0.0086 

+0.047 

0.126 

203.2 

0.0087 

-0.95 

0.120 

205.1 

■>  HJ*  ^  ™  W  .  V  W.-1  «r^K.TT«r'  KTT» 


Table  III  Best  fit  parameters  and  activation 
volume  for  isothermal  data. 


Electrical  Relaxation  (a) 


RMS  log10°o(n-cm}-1  a(GPa)"1  b(GPa)'2  ^V* 
Deviation  [log, .^to  (s  )]  (cm  /m 

10  p 


Uncomplexed  PPO 


237.1 
243-6 

253.1 
273-1 


0.0055 

0.0071 

0.0079 

0.0063 


[6.176] 

[6.550] 

[7.121] 

[8.186] 


•17.94 

•17.11 

-12.51 

-8.88 


-26.5 

-21.3 

-18.4 

-8.49 


Electrical  Conductivity 


PPOgLiCF 3S03 


PP0gLiC104 


PPOgLil 


PP0gliSCNc 


303.4 

0.0181 

-7.055 

-7.72 

-8.61 

44.8 

320.8 

0.0069 

-6.272 

-5.74 

-5.34 

35.3 

333.2 

0.0138 

-5.856 

-4.95 

-3.72 

31  .6 

349.1 

0.0307 

-5.436 

-3.69 

-3.16 

24.7 

357.8 

0.0241 

-5.244 

-3.51 

-2.16 

24. C 

370.4 

0.0064 

-5.008 

-3-49 

-1.11 

24.7 

303.0 

0.0051 

-7.303 

-1 1 .32 

-1 1  .80 

65.7 

309.8 

0.0172 

-6.753 

-10.60 

-6.58 

62.  S 

323-1 

0.0076 

-5.938 

-8.95 

-5.25 

55. 

332.9 

0.0139 

-5.480 

-8.15 

-1  .99 

52.  C 

343.1 

0.0182 

-5.093 

-7.72 

-0.37 

50.' 

354.0 

0.0822 

-4.753 

-5.03 

-3.53 

34.i 

369.4 

0.0397 

-4.370 

-5.60 

-0.42 

39. 

302.9 

0.0070 

-8.078 

-12.20 

-13.52 

70  .£ 

309.9 

0.0136 

-7.281 

-1 1 .05 

-9.46 

65.5 

332.9 

0.0026 

-5.562 

-7.61 

-5.13 

48.5 

343.1 

0.0063 

-5.061 

-7.41 

-7.07 

48.' 

363.1 

0.0193 

-4.334 

-5.70 

-3-14 

39. 

369.4 

0.0285 

-4.156 

-5.31 

-1  .76 

37. ‘ 

323.1 

0.0385 

-6.081 

-4.34 

-4.33 

26.! 

343.1 

0.0059 

-5.337 

-3-62 

-2.43 

23. 

363.1 

0.0068 

-4.782 

-3.66 

-1 .01 

25. 
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